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Abstract
Calculations of moderators require scattering kernels that are accurate in both the energetics and angular distribution of outgo-
ing neutrons. Currently, scattering cross sections available in ENDF format to be used inMonte Carlo and deterministic calculations
rely on water models that do not utilize the up-to-date knowledge of its structure and dynamics.
In this work we present a new model to compute the scattering kernels for light and heavy water based on molecular dynamics
simulations. Using the molecular dynamics program GROMACS and a ﬂexible TIP4P model we obtained the frequency spectra of
hydrogen, deuterium and oxygen, bound in light and heavy water. With those spectra we computed the scattering laws using the
LEAPR module of NJOY, which uses the incoherent approximation. Scattering laws for D and O in D2O are corrected using the
Skld approximation and partial structure factors obtained by Soper.
Using those kernels we computed double diﬀerential and integral cross sections over a wide range of neutron energies (10−5
1 eV). These results represent an improvement over existing models when compared with experimental values, especially for low
incident neutron energies.
c© 2014 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of UCANS
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1. Introduction
During the past 5 years the Neutron Physics Department at Centro Atmico Bariloche has been working on an
update of the thermal scattering models for light and heavy water. As a product of this eﬀort, earlier this year we
presented a set of new models, based on modern molecular dynamics simulations and experimental data. This work
has been published in part in Ref. [1] (calculation of frequency spectra from molecular dynamics simulations) and in
Ref. [2] (models and validation). The reader is referred to these papers for a more in-depth analysis.
2. Existing models
In the evaluated data libraries the thermal scattering is described using a scattering law. For a system with double
diﬀerential scattering cross section d2σ/dEdΩˆ, the scattering law is a function S of the non-dimensional change in
momentum α and energy β:
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(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Table 1. Scattering law ﬁles available from major evaluated nuclear data libraries.
Library Model Comments
ENDF/B-VI.8 (USA, 2002)
H(H2O) GA Evaluated in 1969 by Koppel and Young with GASKET.
Modiﬁed in 1994 by MacFarlane to run in LEAPR.
D(D2O) GA Evaluated in 1969 by Koppel and Young with GASKET.
Adapted in 1989 to ENDF-6 format.
JEFF 3.1.1 (Europe, 2009)
H(H2O) IKE Evaluated by Keinert and Mattes in 2004 with LEAPR.
D(D2O) IKE Evaluated by Keinert and Mattesin 2004 with LEAPR.
ENDF/B-VII.1 (USA, 2011)
H(H2O) IKE Adapted by MacFarlane in 2006.
D(D2O) IKE Adapted by MacFarlane in 2006.
JENDL 4.0 (Japan, 2010)
H(H2O) GA Data taken from ENDF/B-VI.8.
D(D2O) GA Data taken from ENDF/B-VI.8.
RUSFOND-2010 (Russia, 2010)
H(H2O) IKE Data taken from ENDF/B-VIIb2.
D(D2O) IKE Data taken from ENDF/B-VIIb2.
CENDL 3.1 (China, 2009)
- Thermal scattering library not included.
BROND 2.2 (Russia, 1993)
- Thermal scattering library not included.
TENDL-2012 (Europe, 2012)
- Thermal scattering library not included.
d2σ
dEdΩˆ
=
σb
4πkT
√
E′
E
S (α, β) (1)
with:
α =
E + E′ − 2√E′E cos θ
AkT
(2)
β =
E′ − E
kT
(3)
The scattering law thus describes the scattering cross section in a way that is independent of the incident energy
or momentum. Despite the importance of water in thermal systems, to this day the scattering law ﬁles available in the
diﬀerent evaluated nuclear data libraries were produced from only two essentially diﬀerent models: one proposed by
General Atomics, and one proposed by IKE Stuttgart (see Table 1).
The General Atomics models for light and heavy water were initially compiled by Koppel and Houston in 1968[3].
These models were processed using GASKET[4], and the resulting scattering law ﬁles were included in the ENDF/B-
III thermal scattering library. In 1994, MacFarlane adapted the light water model model to be used with the LEAPR
module of NJOY and included the resulting ﬁle in the ENDF/B-VI thermal scattering library[5]. The ﬁle for heavy
water was converted from the original evaluation to ENDF-6 format and included in the library.
The model for light water includes only the scattering for H in H2O, and oxygen is represented as a free gas with
mass 16. This model is based on a continuous frequency spectrum obtained by Haywood and Thorson[6] which is
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used to represent the hindered rotations. The low energy part of the spectrum is replaced by a ω2 function and the
translation of the molecule is represented as a free gas with mass 18. Two discrete oscillators are included to model
the internal vibrations.
The model for heavy water is a model for D in D2O, and oxygen is treated as a free gas with mass 16. A
continuous frequency spectrum based on data by Haywood and Thorson is used to describe the hindered rotations.
Below 25 meV the spectrum is replaced by ω2, and the translation of the molecule is represented as a free gas with
mass 40 (wt = 0.05). Two discrete oscillators are included in the model to represent internal vibrations.
The IKE Stuttgart models for light and heavy water were originally proposed by Keinert and Mattes in 1984, and
the resulting scattering law ﬁles were adopted for the JEF-1 thermal scattering library[7]. The models were originally
processed with GASKET. In the early 2000’s the same group prepared an update of the thermal scattering models
using LEAPR as the processing tool. The resulting models were published by IAEA in 2005[8], and were later
adapted by MacFarlane and included in the ENDF/B-VII thermal scattering library[9].
The model for light water is a model for H in H2O and oxygen is treated as a free gas with mass 16. The rotational
band is temperature dependent, and is interpolated from the measurements by Haywood and Page at 300 and 550
K[10]. The collective intermolecular modes of the spectrum are replaced by a ω2 function, and the translational mode
is represented as a free gas with temperature-dependent mass to model molecular clusters. The internal modes are
represented as discrete oscillators.
The model for heavy water is a model for D in D2O, and oxygen is treated as a free gas with mass 16. A continuous
spectrum, adapted from measurements by Haywood and Page at 300 K and 550 K is used to represent the hindered
rotations and intermolecular vibrations, the later being included as a Debye spectrum with kTD = 20.2 meV. The
internal vibration modes are represented as discrete oscillators. Coherent scattering from deuterium is considered
using the Sko¨ld approximation, with a structure factor computed from a Lennard-Jones model.
3. Proposed models: CAB Models for Water
3.1. Calculation of the frequency spectra
When the scattering law is computed in the Gaussian approximation, the key parameter needed to deﬁne the
dynamics is the frequency spectrum. In our models, the frequency spectra are obtained from molecular dynamics
simulations. The procedure to obtain the frequency spectrum is brieﬂy explained here, and further details can be
found in Ref. [1].
A system of 512 molecules of TIP4P/2005f water[11] is modeled in GROMACS[12], for a simulation time of 100
ps with a timestep of 0.1 fs at constant pressure and temperature. From the resulting trajectory ﬁle, containing the
velocity of each particle for frames each 0.6 fs, the velocity autocorrelation function (VACF) is extracted:
VACFα(τ) = 〈vα(t) · vα(t + τ)〉
Here, 〈·〉 is the ensemble average over a particular group of atoms: D, H, O.
Using these results, frequency spectra is computed as the cosine Fourier transform of the VACF:
ρ (
) =
M
3πkT
1
2π
∫ ∞
0
VACF(τ) cos(ωτ)dτ
where 
 = E′ − E = ω is the excitation energy.
As an example of this process, the generalized frequency spectrum for H in H2O at 300 K is shown in Fig.
1(a). The calculation is compared with neutron scattering measurements by Bellissent[13], and normal mode energies
measured by Lappi[14] by infrared spectroscopy (marked with arrows).
3.2. LEAPR models
3.3. Light water
The thermal scattering models were implemented using the LEAPR module of the code NJOY[5]. The models
and their validation are described in more detail in Ref. [2].
The model for light water is a model for H in H2O, computed in the incoherent approximation, whereas oxygen is
treated as a free gas with mass 16. The model is composed of three components that are convoluted:
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(a) Generalized frequency spectrum for H in H2O at 300 K, computed
from molecular dynamics results and compared with neutron scatter-
ing results by Bellissent and FTIR-ATR results by Lappi (marked with
arrows).
0 0.1 0.2 0.3 0.4 0.5
Energy [eV]
0
2
4
6
8
10
12
Fr
eq
ue
nc
y 
sp
ec
tru
m
 [e
V-
1 ]
ε1 = 0.205 eV
ε2 = 0.430 eV
w1 = 0.156325
w2 = 0.312649
(b) Continuous frequency spectrum and discrete oscillator parameters
for H in H2O at 300 K, as modeled in LEAPR.
Figure 1. Generalized frequency spectrum and thermal scattering model for light water.
1. Molecular diﬀusion, represented with the Egelstaﬀ-Schoﬁeld model[15] .
2. Intermolecular stretching and bending of the hydrogen bond network and molecular librations, represented as a
continuous spectrum.
3. Internal vibrations, represented as discrete oscillators.
Starting from the generalized frequency spectrum computed from molecular dynamics at the corresponding tem-
perature, the continuous spectrum is obtained by subtracting modes 1 and 3.
ρcont (
) = ρ (
) − ρdiﬀ (
) (for 
 < 158 meV) (4)
The diﬀusion component of the spectrum is represented using the Egelstaﬀ-Schoﬁeld expression for the diﬀusive
frequency spectrum. The parameters to this model are based on two physical quantities: the diﬀusion coeﬃcient and
the diﬀusion mass. The diﬀusion coeﬃcient is computed from the generalized frequency spectrum:
lim
ε→0
ρ (ε) =
2mHD
π
⇒ D = πρ(0)
2mH
(5)
and the diﬀusion mass is estimated from measurements by Novikov[16].
Finally, the weight corresponding to internal vibrations is integrated from the generalized frequency spectrum
above 158 meV, and distributed equally in one bending mode at 205 meV and two degenerate stretching modes at
430 meV. The remaining continuous spectrum is adjusted to approach ω = 0 as ω2 to ensure the convergence of the
phonon approximation used in LEAPR.
The parameters of the LEAPR model at 300 K are listed in Table 2 and the continuous frequency spectrum is
shown in Fig. 1(b).
3.4. Heavy water
In the case of heavy water, it was found that the contribution of oxygen to the cross section of heavy water is too
signiﬁcant and cannot be treated as free gas. For that reason, the model includes components for D in D2O and O in
D2O.
Starting from a molecular dynamics simulation for D2O at each speciﬁc temperature and pressure, the autocor-
relation function and the generalized frequency spectrum for the velocities of deuterium and oxygen were computed
using the methodology described in Sect. 3.1. Each model is prepared from the corresponding generalized frequency
spectrum, and has the same components as the model for H in H2O:
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Table 2. Parameters for the CAB models at 300 K implemented in LEAPR.
H(H2O) D(D2O) O(D2O)
Translational weight (wt) 0.008605 0.015475 0.122896
Diﬀusion constant (c) 4.060575 4.098718 3.720393
Continuous spectrum weight (wt) 0.522421 0.541899 0.725760
First osc. energy (Eν2 ) [meV] 0.205 0.145 0.145
First osc. weight (wν2 ) 0.156325 0.147542 0.050448
Second osc. energy (Eν1,3 ) [meV] 0.430 0.303 0.303
Second osc. weight (wν1,3 ) 0.312649 0.295084 0.100896
1. Molecular diﬀusion, represented with the Egelstaﬀ-Schoﬁeld model.
2. Intermolecular stretching and bending of the hydrogen bond network and librations, represented as a continuous
spectrum.
3. Internal vibrations, represented as discrete oscillators.
Again, the continuous spectrum is obtained by substracting the Egelstaﬀ-Schoﬁeld diﬀusion spectrum and the
contribution of the internal vibration modes:
ρcont (
) = ρ (
) − ρdiﬀ (
) (for 
 < 120 meV) (6)
The diﬀusion coeﬃcient is calculated from ρ(0), and the diﬀusion mass is computed assuming the same molecular
cluster size as observed by Novikov in light water. E.g. for 300 K:
mD2Odiﬀ =
mD2O
mH2O
mH2Odiﬀ (7)
The parameters for the models for deuterium and oxygen in heavy water at 300 K are listed in Table 2 and the
continuous frequency spectra are shown in Fig. 2(a).
The coherent component is computed using the Sko¨ld approximation:
S (α, β) = S inc(α, β) + S coh(α, β) (8)
S Dcoh(α, β) = S
D
inc(α/S˜
D(Q), β)S˜ D(Q) (9)
S Ocoh(α, β) = S
O
inc(α/S˜
O(Q), β)S˜ O(Q) (10)
where S˜ D(Q), S˜ O(Q) are the Sko¨ld correction factors for deuterium and oxygen:
S˜ D(Q) = 1 +
2
3
[S DD(Q) − 1] + 13
bOcoh
bDcoh
[S DO(Q) − 1] (11)
S˜ O(Q) = 1 +
2
3
[SOO(Q) − 1] + 13
bDcoh
bOcoh
[S DO(Q) − 1] (12)
Here, S ij(Q) = SDO(Q), SDO(Q), SDD(Q) are the partial structure factors of heavy water, obtained by Soper [17].
The Sko¨ld correction factors for deuterium and oxygen in D2O at 300 K are shown in Fig. 2(b).
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Figure 2. Parameters of the dynamics (left) and structure correction (right) for the LEAPR models for D and O in heavy water.
4. Results and validation
In this section we summarize the validation of our models against experimental values, and compare them with
calculations performed using the EDFN/B-VI and ENDF/B-VII libraries. Unless explicitly noted, the calculations
were performed at 300 K. More details about this validation can be found in Ref. [2].
In this validation we start from diﬀerential quantities (double diﬀerential cross section, angular distributions)
which are a more strict test of the thermal scattering models, to more integral quantities (energy and temperature
dependence of the total cross section) which are less sensitive to changes in the scattering models, but are of more
importance in thermalisation applications.
It is important to note that all the constants in the thermal scattering models were extracted either from molecular
dynamics simulations or from experimental data, and none of the calculations presented in this section result from the
adjustment of free parameters.
4.1. Double diﬀerential scattering cross section for light water
Novikov, Lisichkin and Fomichev[18] measured the double diﬀerential cross section of light water using the DIN-
1M spectrometer of the IBR reactor in Dubna. The incident energy used was 8 meV with a resolution of 0.57 meV. The
comparison with calculated results shows (Fig. 3(a)) a clear improvement when the new model is used, caused mainly
by the replacement of free gas dynamics by diﬀusion. This eﬀect can be seen in more detail when the calculations are
compared with quasielastic scattering measurements.
4.2. Quasi-elastic scattering in light and heavy water
A more strict test for low energy dynamics is the comparison with measurements of the double diﬀerential cross
section under low energy exchange, or quasi-elastic, conditions.
Quasi-elastic scattering results are typically represented as energy widths or half-widths plotted as a function of
the square of momentum change. The scattering law for a system that follows the Fick’s diﬀusion law has a Lorentzian
shape[20]:
S (Q, ω) =
1
π
DQ2
ω2 +
(
DQ2
)2 (13)
Then, the half-width at half maximum of the double diﬀerential cross section at measured constant Q is DQ2. This
also holds for other simple diﬀusion models, like the Egelstaﬀ-Schoﬁeld diﬀusion model.
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Figure 3. Double diﬀerential and quasi-elastic neutron scattering results for light water.
If we compare (Fig. 3(b)) the half-width at half maximum of the quasielastic peak calculated at 293 K with our
model with measurements by Teixeira[19] we can observe our model predicts a DQ2 behavior, departing from the
measurements at high Q. If this diﬀerence is important, the scattering law can be computed directly from molecular
dynamics simulations. Still, the overall behavior of the model is a clear improvement over ENDF/B-VII.
4.3. Angular distribution of scattering in heavy water
The coherent component of the scattering cross section manifest itself clearly in the angular distribution of the
cross section. The angular distribution of the cross section can be computed as:
dσ
dΩ
=
∫ ∞
0
dE′
d2σ
dΩE′
∣∣∣∣∣∣
θ=const
(14)
to be compared with experimental results.
In Fig. 4 we compare our calculations with measurements by Gibson [21] of the angular distribution of neutrons
with E0 = 327.4 meV in heavy water. The calculations computed with the ENDF/B-VI scattering law only reproduce
the baseline because this library was computed on the incoherent approximation. The calculations computed with the
ENDF/B-VII scattering law reproduce the ﬁrst peak in the diﬀraction pattern but not the rest, because the structure
factor that Keinert and Mattes used only included D-D structure. Overall, the agreement found with our model is
better.
4.4. Total cross section
As a ﬁnal test we compare the computed total cross sections for light water with measurements by Russell (EX-
FOR# 11162003)1, Heinloth (EXFOR# 21341002) and Zaitsev[22] around room temperature (Fig. 5(a)). Our model
reproduces better the measured values of the total cross section in the cold neutron range, which are overpredicted by
ENDF/B-VI and ENDF/B-VII by 60 to 100 %.
For heavy water, our model reduces the discrepancies found with the measurements by Kropﬀ (EXFOR# 30283001
). Our model reproduces well the peak found at ∼ 3 meV, but also the features observed around 20 meV range, which
are caused by the coherent eﬀects in the oxygen cross section.
To test the behavior of our model with temperature, we compared our calculations with the cold neutron measure-
ments performed by Stepanov and Zhitarev[23, 24] at the IRT reactor of the Moscow Engineering Physics Institute.
1Entry number in the EXFOR database
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Figure 5. Total neutron cross section for light water (left) and heavy water (right) at room temperature.
Stepanov published a series of measurements of the total cross section of liquid water at high temperatures for a ﬁxed
set of incident energies. In Fig. 6(a) we compare calculations with these measurements, ﬁnding good agreement.
In Fig 6(b) we compare calculations with ENDF/B-VI, ENDF/B-VII and our model at the smallest incident energy
available in the Stepanov data, E0 = 0.2266 × 10−3 eV. As we can see, the use of a model that includes a detailed low
energy dynamics allows us to reproduce better not only the values of the total cross section, but also its dependence
with temperature.
5. Conclusions
In this paper we presented a set of thermal scattering models for light and heavy water. Using these models, we
computed scattering law ﬁles in ENDF-6 format and thermal scattering cross sections for light water (H in H2O) and
heavy water (D and O in D2O). This process was divided in two steps: the calculation of the generalized frequency
spectrum from molecular dynamics simulations, and the generation of thermal scattering models from that spectrum.
Although the molecular dynamics simulations contain an empirical water potential (TIP4P/2005f) that is adjusted to
represent the dynamics and structure of water properly, once the generalized frequency spectrum is computed the
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evaluation of thermal scattering law ﬁles and generation of thermal neutron cross sections as presented in this paper
does not entail the adjustment of free parameters, which leaves room for further optimization.
These models include the approximations inherent to the calculations in LEAPR/NJOY (the use of the Gaussian
approximation to process the dynamics, and the use of the Egelstaﬀ-Schoﬁeld diﬀusion model), which is the stan-
dard tool for this type of calculations, and approximations that are considered practical by the authors (namely, the
calculation of light water in the incoherent approximation and the use of discrete oscillators to represent internal
vibrations).
Measurable scattering parameters calculated using these models compare well with experimental values, and result
in an improvement over existing scattering law ﬁles available from evaluated nuclear data libraries. In particular, the
use of molecular diﬀusion produces a signiﬁcant improvement in the cold neutron range in both light and heavy
water, and the inclusion of measured structure factors results in a much better description of the angular distribution
of scattered neutrons and total cross section in heavy water.
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